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Lactobaciflus buchneri ST2A vigorously decarboxylates histidine to the biogenic amine histamine, which is
excreted into the medium. Cells grown in the presence of histidine generate both a transmembrane pH
gradient, inside alkaline, and an electrical potential (A*), inside negative, upon addition of histidine. Studies
of the mechanism of histidine uptake and histamine excretion in membrane vesicles and proteoliposomes devoid
of cytosolic histidine decarboxylase activity demonstrate that histidine uptake, histamine efflux, and histidine/
histamine exchange are electrogenic processes. Histidine/histamine exchange is much faster than the unidirec-
tional fluxes of these substrates, is inhibited by an inside-negative A* and is stimulated by an inside positive
A*. These data suggest that the generation of metabolic energy from histidine decarboxylation results from an
electrogenic histidine/histamine exchange and indirect proton extrusion due to the combined action of the
decarboxylase and carrier-mediated exchange. The abundance of amino acid decarboxylation reactions among
bacteria suggests that this mechanism of metabolic energy generation and/or pH regulation is widespread.
Several precursor/product antiport mechanisms have been
shown or were anticipated to be involved in generation of
metabolic energy (16). Metabolic energy can be obtained
from these mechanisms by substrate level phosphorylation
(5, 17) or by the formation of transmembrane ion gradients
(ion and proton motive force). Characteristic for all of these
precursor/product antiport mechanisms is that the product is
structurally similar to the precursor. Transport of precursor
and product can be catalyzed by one membrane transport
protein which binds both precursor and product with high
affinity. The usual mode in which these carrier proteins
function is that of exchange: i.e., reorientation of the sub-
strate binding site to either side of the membrane takes place
while a substrate is bound. When the product is more
positively charged than the precursor, this antiport generates
an inside-negative electrical potential gradient across the
membrane. Two examples of such carriers which have been
studied in detail are the oxalate/formate antiporter of Oxalo-
bacter formigenes (22) and the malate/lactate carrier of
Lactococcus lactis (18). Because the metabolic conversion
from oxalate to formate or from malate to lactate is a
decarboxylation whereby the carboxylic group leaves the
cytoplasm as neutral carbon dioxide or dihydrogen carbon-
ate, the net effect of metabolism and electrogenic precursor/
product antiport is the extrusion of one proton. Conse-
quently, a proton motive force is generated from the free
energy of decarboxylation.
A different mechanism by which metabolic energy is
generated from a decarboxylation reaction is found in the
Na'-translocating oxaloacetate decarboxylase (3). In this
system, decarboxylation is catalyzed by a membrane-bound
protein which uses the free energy directly to translocate
sodium ions across the membrane.
* Corresponding author.
t Present address: The Netherlands Cancer Institute, Amster-
dam, The Netherlands.
In this study, it will be shown that Lactobacillus buchneni
generates metabolic energy from the decarboxylation of
histidine and the electrogenic antiport of histidine and hista-
mine. This mechanism resembles the decarboxylation of
oxalate to formate by 0. formigenes and of malate to lactate
by L. lactis. The histamine-producing L. buchnen ST2Awas
isolated from Swiss cheese implicated in an outbreak of food
poisoning (24). The occurrence of histamine and other bio-
genic amines like cadaverine, putrescine, tyramine, and
tryptamine in food products can result in food poisoning (19,
24, 25). These biogenic amines are formed by many different
bacteria by decarboxylation of the corresponding amino
acids (6, 20). Therefore, it is anticipated that generation of
metabolic energy by precursor/product antiport and decar-
boxylation is more widespread among bacteria than was
realized until now.
MATERIALS AND METHODS
Strain and growth conditions. A histamine-producing
strain of L. buchneri, ST2A, originally isolated from Em-
menthaler cheese, implicated in food poisoning (24), was
kindly provided by H. M. L. J. Joosten (NIZO, Ede, The
Netherlands). Cells were grown overnight to an optical
density at 660 nm of approximately 1.6 in MRS broth
(Merck, Darmstadt, Germany) supplemented with 10 mM
histidine at 37°C under semi-anaerobic conditions, i.e., in
completely filled bottles with screw caps and rubber seals.
Measurement of electrical and pH gradients across the
membrane. The intracellular pH was calculated from the
fluorescence of BCECF [2',7'-bis-(2-carboxyethyl)-5(and
-6)-carboxyfluorescein; Molecular Probes, Eugene, Oreg.]
as described previously (14). The A* (electrical potential
difference across the membrane [potential inside minus
potential outside]) was calculated from the distribution of the
tetraphenylphosphonium ion (TPP+), assuming proportional
binding to cellular components (10). The distribution of
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TPP+ was deduced from changes of the concentration in the
buffer, which was measured with a TPP+-selective electrode
(23).
Isolation of membrane vesicles. Membrane vesicles were
isolated according to a modified protocol by Otto et al. (15).
Cells were grown at 30'C on MRS medium supplemented
with 1% (wt/vol) glucose, 10 mM histidine, and 0.75 g of
glycine and D,L-threonine per liter to an optical density at
660 nm of 0.8 to 1.0. Cells from 1 liter of culture were
collected by centrifugation, washed once with 100 mM
potassium phosphate (pH 7), and resuspended in approxi-
mately 15 ml of 100 mM potassium phosphate-10 mM
MgSO2-10% (vol/vol) glycerol (pH 7). An equal volume of
the same buffer, containing 2,000 U of mutanolysin (Sigma,
St. Louis, Mo.) and 500 mg of lysozyme (Boehringer GmbH,
Mannheim, Germany), was added. The suspension was
incubated under gentle stirring at 30'C for approximately 1 h.
Samples were taken to monitor the protoplasting process
with a microscope. Subsequently, 10 ml of 0.75 M K2SO4
was added, after which the suspension was stirred for 5 min.
Then, 2.6 ml of 1 M potassium-EDTA (neutralized with
potassium hydroxide) was added, and again the suspension
was incubated for 5 min. After addition of 1.6 ml of 1 M
MgSO4, the suspension was centrifuged for 30 min at 48,200
x g and 40C. The pellet was resuspended thoroughly in 50
mM potassium phosphate-10 mM MgSO4 (pH 7), and the
suspension was centrifuged for 1 h at 750 x g and 4°C. The
supernatant, containing membrane vesicles, was carefully
collected and centrifuged for 30 min at 48,200 x g and 4°C.
The pellet was resuspended in 50 mM potassium phos-
phate-10 mM MgSO4 (pH 7) to a protein concentration of
approximately S mg/ml and stored in aliquots of 200 ,ul in
liquid nitrogen.
Solubilization of membrane vesicles and reconstitution of
membrane proteins with purified lipids into proteoliposomes.
Solubilization of membrane vesicles and reconstitution of
membrane protein was essentially performed as described
previously (27). To remove proteins loosely associated with
the membranes, membrane vesicles (10 mg of protein) were
incubated under continuous stirring with 2 ml of freshly
prepared 50 mM potassium phosphate-5 M urea (pH 7) for
15 min on ice. After centrifugation for 75 min at 185,000 x g
and 4°C, the pellet was solubilized with 1.25% (wt/vol)
octylglucoside (octyl-o-D-glucopyranoside) in the presence
of 0.5% (wt/vol) acetone-ether-washed phospholipids from
Escherichia coli (Sigma) and 20% (vol/vol) glycerol in 50 mM
potassium phosphate (pH 7) to a final concentration of 1 mg
of protein per ml (1). After 30 min of incubation on ice, the
suspension was centrifuged for 1 h at 200,000 x g and 4°C.
The supernatant was collected, and 0.5% (wt/vol) acetone-
ether-washed phospholipids from E. coli and 4% (wt/vol)
octylglucoside were added. The final octylglucoside concen-
tration was brought to 1.5% (wt/vol) with 50 mM potassium
phosphate (pH 7). The resulting suspension was incubated
on ice for 10 min, carefully homogenized, and centrifuged for
at least 2.5 h at 142,000 x g and 4°C. The pellet of
proteoliposomes was resuspended in 50 mM potassium
phosphate (pH 7) to approximately 2 mg of protein per ml.
Transport experiments. Efflux of histamine in membrane
vesicles was measured. To a suspension of membrane vesi-
cles, 0.5 mM histamine was added and the suspension was
centrifuged in an Eppendorf centrifuge at full speed for 10
min. Membrane vesicles were resuspended in a small vol-
ume of supernatant to a protein concentration of 15 to 30
mg/ml. [3H]histamine was added (49 kCi/mol; Amersham,
Buckinghamshire, United Kingdom) to 1.5 to 6 pCi/mg of
protein. This suspension was frozen in liquid nitrogen and
slowly thawed. Samples (3 1.) were diluted in 1 ml of 50 mM
potassium phosphate (pH 5, 370C), with or without 10 mM
histidine, and in the presence of 1 ,uM valinomycin. At
different times after dilution, the reaction was stopped with
2 ml of ice-cold 0.1 M LiCl, and the mixture was immediately
filtered over a cellulose nitrate filter ([pore size, 0.45 pum in
diameter] BA85; Schleicher and Schuell, Dassel, Germany)
and washed once with 2 ml of 0.1 M LiCl. Zero-time points
were taken by carefully positioning the membrane vesicle
suspension on the wall of a filled tube and subsequently
washing the tube with ice-cold LiCl and then filtering as
described above.
Uptake of histidine in proteoliposomes was measured.
Proteoliposomes were washed once in 50 mM potassium
phosphate (pH 7), centrifuged for 45 min at 130,000 x g and
40C, and resuspended to 15 mg of protein per ml in the same
buffer. They were loaded with 0.5 mM histamine by sonica-
tion five times for 15 to 20 s with a probe sonicator.
Nonloaded proteoliposomes were used for control experi-
ments. Samples (10 pI) were diluted into 1 ml of 50 mM
potassium phosphate (pH 5) at 370C with 1 puM valinomycin
and 25 to 50 nCi of [ 4C]histidine (uniformly labeled, 336
Ci/mol; Amersham). The stopping procedure was as de-
scribed above for membrane vesicles.
The effects of the Ad on transport in membrane vesicles
and proteoliposomes were studied. An electrical potential
gradient was created by washing membrane vesicles or
proteoliposomes twice with 20 mM potassium phosphate-
100 mM potassium acetate (pH 5) or 20 mM sodium phos-
phate-100 mM sodium acetate (pH 5) in the presence of 1
RM valinomycin. Samples were diluted in the same buffers,
and transport was measured as described above.
Stoichiometry of histamine/histidine exchange was mea-
sured in proteoliposomes. Proteoliposomes were, after
washing, suspended in 50 mM potassium phosphate (pH 5)
to 1.8 mg of protein per ml and loaded with 500 p.M
histamine containing 28 RCi of [3H]histamine per mg of
protein. Samples (5 pI) were diluted in 1 ml of 50 mM
potassium phosphate (pH 5) with 0.2 puCi of [14C]histidine
and 1 p.M valinomycin. Transport was measured in duplicate
at different time intervals as described above.
Radioactivity on filters was measured by liquid scintilla-
tion counting. In the stoichiometry experiment, the amount
of each isotope was calculated from double-label counts in
two channels (0 to 12 and 12 to 156 keV) and the distributions
of the counts in the same two channels for single-label
counts.
RESULTS
Generation of a A* and a pH difference across the mem-
brane. After growth in complex medium supplemented with
10 mM histidine, L. buchneri ST2A cells had an approxi-
mately fivefold higher histidine decarboxylase activity than
cells grown in the absence of additional histidine. High-
performance liquid chromatography (HPLC) analysis dem-
onstrated that histidine was nearly stoichiometrically con-
verted to histamine by these cells (data not shown). The
decarboxylation activity of a washed cell suspension could
be monitored in a medium with low buffer capacity as the
histidine-dependent increase in pH resulting from the proton
consumption in the decarboxylation reaction (18). Rates thus
measured agreed well with changes in histidine and hista-
mine concentrations as analyzed by HPLC. At pH 5 and 5
mM histidine, decarboxylation activities of up to 300 nmol/
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FIG. 1. Generation of both a pH difference across the membrane (A) and A4 (B) by histidine decarboxylation. The intracellular pH was
calculated from the BCECF fluorescence. Resting cells, loaded with BCECF, were resuspended in 50mM potassium phosphate (pH 6.8). The
following were added: 2 mM histidine (his), 1 p.M valinomycin (val), and 0.5 p.M nigericin (nig). (B) Generation of a A*i. The recording of the
TPP+-specific electrode is shown. Resting cells were suspended to 0.15 mg of protein per ml in 50 mM potassium phosphate (pH 6.5) with
4 p.M TPP'. Additions were the same as in panel A. An increasing electrode potential indicates a decrease of the TPP+ concentration in the
buffer or, consequently, TPP+ uptake by the cells. With the assumption that the combination of nigericin and valinomycin reduces the A&i to
virtually zero, the maximal AtI's after addition of histidine or nigericin were estimated to be -85 and -75 mV, respectively.
min/mg of protein were recorded. The decarboxylation ac-
tivity showed saturation kinetics with respect to histidine
concentration and was half-maximal at approximately 1 mM.
The activity decreased with increasing pH. After cell lysis by
French pressure treatment or sonication and after high-
speed centrifugation, most of the histidine decarboxylase
activity was recovered with the cytosolic fraction (not
shown). In the following experiments, cells which had histi-
dine decarboxylase activity induced by growth on complex
medium supplemented with 10 mM histidine were used.
To establish whether histidine decarboxylation is coupled
to proton motive force generation, cells were loaded with the
fluorescent pH indicator BCECF, which allows instant mon-
itoring of changes in intracellular pH (14). Addition of
histidine to BCECF-loaded cells at pH 6.8 resulted in a rapid
increase in intracellular BCECF fluorescence to a level
equivalent to an internal pH of about 7.8 (Fig. 1A). Valino-
mycin, an ionophore that mediates electrogenic transport of
potassium ions, caused a slow decrease of the intracellular
pH. Subsequent addition of nigericin resulted in an immedi-
ate collapse of the transmembrane pH gradient. Generation
of an electrical potential (A+), inside negative, upon the
addition of histidine was monitored by the use of a TPP+-
selective electrode (10, 23). The endogenous Alj of resting L.
buchneri ST2A cells is low. Addition of histidine led to rapid
uptake of TPP+ by the cells, indicating that a A& was
generated. The maximal Ad was estimated to be about -85
mV (Fig. 1B). TPP+ was slowly released upon the addition
of nigericin, and further release required the addition of
valinomycin. These data strongly suggest that L. buchneri
ST2A is able to generate a proton motive force across the
membrane by using the free energy of the histidine decar-
boxylation reaction.
Histidine uptake and histamine efflux are mediated through
electrogenic antiport. During histidine decarboxylation, his-
tidine is taken up from the medium, whereas the end product
histamine is excreted by the cells into the growth medium.
Because both processes are metabolically coupled, uptake of
histidine and efflux of histamine may be coupled processes
and may be mediated by an antiporter. Histamine bears one
or two positive charges at physiological pH values. The
relevant pK. is that of the imidazole ring, which has a value
of 5.8. In vivo, histamine excretion thus occurs against an
existing Aqi and is trans-positive. On the other hand, histi-
dine may bear one positive charge at physiological pH. In
this case, the relevant pKa is also that of the imidazole ring,
with a value of 6.0. To determine the Ad dependency of
histidine uptake and histamine efflux, the effect of an im-
posed valinomycin-mediated potassium diffusion gradient on
these transport processes in membrane vesicles was inves-
tigated. Membrane vesicles loaded with histamine displayed
a rapid efflux of histamine (Fig. 2). Histamine efflux is
electrogenic, because it is accelerated by an inside-positive
Al (4- to 5-fold) and inhibited by an inside-negative A* (1.3-
to 1.4-fold). These data indicate that histamine efflux is an
electrogenic process in which one or more positive charges
are transported to the outside. Because membrane vesicles
still contained histidine decarboxylase activity, experiments
in which histidine was used were performed with proteoli-
posomes reconstituted from a membrane-detergent extract.
This reconstitution procedure resulted in a marked decrease
in histidine decarboxylase activity to levels below detectabil-
ity. Proteoliposomes mediated rapid histidine uptake in the
presence of an imposed inside-negative Ad (Fig. 3). When no
A* was imposed, uptake of histidine was negligible. These
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FIG. 2. Electrogenic histamine efflux. Potassium diffusion poten-
tials were imposed on histamine-loaded membrane vesicles. The
conditions were as follows: no A*, potassium-loaded vesicles di-
luted into potassium buffer; A*, inside negative, potassium-loaded
vesicles diluted into sodium buffer; A*, inside positive, sodium-
loaded vesicles diluted into potassium buffer. The procedures and
buffers are described in Materials and Methods. The pH was 5.
mine efflux, is an electrogenic process in which positive
charges are translocated across the membrane.
To determine whether histidine uptake and histamine
efflux are coupled processes mediated by an antiport system,
the effect of external histidine and internal histamine on
histamine efflux and histidine uptake, respectively, was
studied. Experiments were performed in the presence of the
ionophore valinomycin to exclude possible generation of a
A* by electrogenic histamine efflux, which might cause
A*-dependent transport. Efflux of histamine from membrane
vesicles (Fig. 4) was accelerated very much in the presence
of excess external histidine. Assuming an experimental
resolution of 5 s or less, the acceleration caused by histidine
was at least fivefold. On the other hand, histidine uptake by
proteoliposomes was stimulated by loading the liposomes
with histamine (Fig. 5). In nonloaded proteoliposomes, no
significant uptake of histidine could be detected. These data
support a histidine/histamine antiport mechanism of trans-
port.
The effect of A* on the exchange reaction was studied by
monitoring histidine uptake in histamine-loaded proteolipo-
somes. In the presence of an inside-negative A* (Fig. 6),
histidine uptake was lower than in the control experiment, in
which no A* was imposed. However, an inside-positive A*
markedly stimulated histidine uptake. Notably, the rate of
histidine uptake in the presence of an inside-positive A*
under conditions of histidine/histamine antiport (Fig. 6) is
several orders of magnitude (100 to 200) higher than unidi-
rectional histidine uptake in the presence of an inside-
negative A* (Fig. 2). These results demonstrate that histi-
dine/histamine antiport is an electrogenic event in which a
net positive charge is translocated to the outside. Therefore,
histidine/histamine antiport may directly contribute to the
generation of an inside-negative A*.
Histidine/histamine antiport is stoichiometric. The stoichi-
ometry of the exchange reaction was investigated in double-
label experiments with proteoliposomes. The uptake of
["4C]histidine and the efflux of [3H]histamine were simulta-
neously measured (Fig. 7). The histidine/histamine antiport
stoichiometry was calculated from the histamine-stimulated
histidine uptake and the histidine-stimulated histamine ef-
flux, assuming that the stimulatory effects of the counter-
substrate are due to exchange. The experimental histidine/
histamine exchange stoichiometry was 0.77 ± 0.44 (mean ±
standard deviation, calculated from the datum points of 10 s
or later in Fig. 7). These data are in agreement with a
mechanistic stoichiometry of 1 for histidine/histamine an-
tiport.
DISCUSSION
Evidence that L. buchneri ST2A generates a proton mo-
tive force from the decarboxylation of histidine and electro-
genic histidine/histamine antiport has been presented. Rapid
exchange between external histidine and internal histamine
is inhibited by an inside-negative A* and accelerated by an
inside-positive A*. Moreover, in both the absence and
presence of a A4, histidine uptake and histamine efflux are
much faster in the presence than in the absence of the
counter-substrate. The results are consistent with a histi-
dine/histamine antiport mechanism in which a net positive
charge is transported with histamine. It is not clear whether
this transport system mediates only a strictly coupled histi-
dine/histamine antiport reaction or can also catalyze uniport
or proton symport of these substrates. The possibility that
transport of these compounds in the absence of the counter-
substrate is catalyzed by other carriers cannot be excluded.
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FIG. 3. Electrogenic uptake of histidine. Potassium diffusion
potentials were imposed on proteoliposomes in the presence of
external histidine. The conditions were as follows: no Aqi (0),
potassium-loaded proteoliposomes diluted into potassium buffer;
A*4, inside negative (-), potassium-loaded proteoliposomes diluted
into sodium buffer. The procedures and buffers are described in
Materials and Methods. The pH was 5.
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FIG. 4. Stimulation of histamine efflux by exchange with histi-
dine. Efflux of histamine from membrane vesicles was followed in
the absence (0) or presence (-) of 10 mM histidine. The pH was 5.
The buffer contained 1 ,uM valinomycin.
part of this transport is catalyzed by the antiporter, function-
ing in a uni- or symport mode. For the malate/lactate
antiporter of L. lactis, it has been shown that malate can be
transported in a uni- or symport mode (18). The arginine/
ornithine antiporter of Pseudomonas aeruginosa catalyzes
both electroneutral exchange between both substrates as
well as their unidirectional fluxes (26). Most secondary
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FIG. 5. Histidine uptake by exchange with histamine. Histidine
uptake was monitored in control proteoliposomes (0) or in proteo-
liposomes loaded with 1.5 mM histamine (-). The pH was 5. The
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FIG. 6. The effects of the A1i on histamine/histidine exchange.
Histidine uptake in proteoliposomes loaded with 0.5 mM histamine
in the presence of different potassium diffusion potentials was
monitored. The conditions were as follows: no Aqi, potassium-
loaded liposomes diluted into potassium buffer (0) or sodium-loaded
liposomes diluted into sodium buffer (V); A+, inside negative (@),
potassium-loaded liposomes diluted into sodium buffer; A*i, inside
positive (V), sodium-loaded liposomes diluted into potassium
buffer. The procedures and buffers are described in Materials and
Methods. The pH was 5.
or symport systems. Other transport systems, such as the
arginine/ornithine antiport in L. lactis (4) and sugar-phos-
phate/phosphate antiport in various bacteria (2), are strictly
coupled.
Already by the 1920s, it was suggested that decarboxyla-
tion of amino acids by microorganisms might fulfill a func-
tion protective against intracellular (and extracellular) acid-
ification (see reference 7 and work cited therein). Many
bacteria, both gram positive and negative, have since been
shown to possess amino acid decarboxylases and to extrude
large quantities of the corresponding amines into the medium
(reviewed in reference 6; also see references 9, 20, and 21).
These decarboxylases are induced in low-pH media in the
late-exponential growth phase. The amino acid has to be
present at high concentrations (millimolar range) in the
medium. Also, suboptimal growth temperatures are, in many
cases, favorable for induction. The lysine decarboxylase
system has been studied in more detail with E. coli (12, 13).
The gene coding for lysine decarboxylase is located in an
operon structure together with a gene which seems to code
for a transport protein. On the basis of homology with the
arginine/ornithine antiporter of P. aeruginosa (26), this
transport protein was predicted to be a lysine/cadaverine
antiporter.
To explain intracellular pH regulation by decarboxylation,
the following scheme is proposed (Fig. 8). Charge compen-
sation in the decarboxylation reaction demands the con-
sumption of a proton. The overall result will be a net
consumption of protons unless the decarboxylation leads to
drastic pK.a changes of the remaining amino and carboxylic
groups on the substrate and to subsequent deprotonation of
J. BACTIERIOL.
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FIG. 7. Stoichiometry of histamine/histidin
uptake and histamine efflux in proteoliposome.
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dium. This is the case if transport is electrogenic, in the
sense that a net positive charge is translocated to the outside
(or a negative charge to the inside). The difference between
the molecule transported outward and the one transported
inward is then, apart from the freely diffusible C02, exactly
one proton. Thus, transport leads to "indirect proton extru-
7 sion" (11). This automatically results in generation of a
proton motive force driven by the free energy of the decar-
boxylation reaction. To illustrate the potential of this form of
V proton motive force generation, the equilibrium intracellulariistamine pH may be calculated. As a reasonable value for the stan-
dard free energy of amino acid decarboxylation, one may
v take -25 kJ/mol, which was recalculated from data in
reference 8 concerning lysine decarboxylation. (The stan-
dard conditions are pH 7 and 1 atm [101.29 kPal of CO2
pressure.) The net reaction resulting from electrogenic trans-
port, decarboxylation, and passive electrically neutral CO2
uiistidine diffusion will be
__________ O (R-COO-) z + .+ - (R-H) + 1 + CO2,a
50 60 70 (AGO' = -25 kJ/mol)
where R-COO- and R-H are the anionic form of the carbox-
ylic acid substrate and the corresponding decarboxylated
e exchange. Histidine product, z is the total charge on the molecule, and i and o are
sin the absence (open the intracellular and extracellular locations, respectively.
)unter-substrate were Assuming a Alo of -100 mV, a partial CO2 pressure of 0.05
rd 1 IBM valinomycin. atm (5.06 kPa), and equal concentrations of the amino acid
and amine forms appearing in the reaction equation above,
an equilibrium intracellular pH of 11 can be calculated. In
d is that massive reality, the reaction will not proceed to equilibration because
of a medium with of inward proton fluxes or decreasing decarboxylation rates.
ndependent of this, In fact, kinetic mechanisms may exist that have been se-
te uptake and stoi- lected during evolution to slow down the reaction far from
n proton consump- equilibrium, when attaining physiological pH. For example,
the second instance the decarboxylases studied by Gale (6) had optimal activity
of proton-coupled at a pH between 4.5 and 6. Also not taken into account is the
iization of the me- effect of the extracellular pH on the concentration of the
anionic form of the carboxylic acid. The protonation of the
anionic form on the outside will reduce its concentration and
hence decrease the equilibrium intracellular pH.
out Depending on the organism and the conditions, the pri-
mary goal of amino acid decarboxylation may be to prolong
the period in which a sufficiently high intracellular pH is
(R-COO ) present or as a source of metabolic energy. In the case ofhistidine decarboxylation by L. buchnen ST2A, this is
accomplished by an electrogenic antiport mechanism,
whereby amino acid and amine are transported by one
Z+1 carrier in the exchange mode. It is likely that other amino(R-H) acid decarboxylation reactions described in the literature (6,
9, 12, 20, 21, 24), in which the amine is excreted in large
quantities, are involved in generation of metabolic energy or
maintenance of pH by using such a transport mechanism as
> COO just described.
FIG. 8. Generalized scheme of proton motive force generation
by decarboxylation and electrogenic antiport. R-COO- and R-H are
the carboxylic acid and the decarboxylated product, respectively.
The particles which are recognized and exchanged by the carrier or
antiporter are the carboxylic acid with charge z and the decarbox-
ylated product with charge z + 1. It is assumed that the carboxylic
carbon leaves the cell as neutral CO2 or H2CO3. Consequently, a net
charge is transported to the outside, corresponding to the proton
consumed in the cell. The particular state of R-COO- protonation
recognized by the decarboxylase is irrelevant to the overall reaction.
REFERENCES
1. Ambudkar, S. V., and P. C. Maloney. 1986. Bacterial anion
exchange. Use of osmolytes during solubilization and reconsti-
tution of phosphate-linked antiport from Streptococcus lactis. J.
Biol. Chem. 261:10079-10086.
2. Ambudkar, S. V., L. A. Sonna, and P. C. Maloney. 1986.
Variable stoichiometry of phosphate-linked anion exchange in
Streptococcus lactis: implications for the mechanism of sugar
phosphate transport by bacteria. Proc. Natl. Acad. Sci. USA
83:280-284.
3. Dimroth, P. 1987. Sodium ion transport decarboxylases and






2870 MOLENAAR ET AL.
4. Driessen, A. J. M., D. Molenaar, and W. N. Konings. 1989.
Kinetic mechanism of the arginine-ornithine antiporter of Lac-
tococcus lactis. J. Biol. Chem. 264:10361-10370.
5. Driessen, A. J. M., E. J. Smid, and W. N. Konings. 1988.
Transport of diamines by Enterococcus faecalis is mediated by
an agmatine-putrescine antiporter. J. Bacteriol. 170:4522-4527.
6. Gale, E. F. 1946. The bacterial amino acid decarboxylases. Adv.
Enzymol. 6:1-32.
7. Hanke, M. E., and K. K. Koessler. 1924. Studies on proteinog-
enous amines. J. Biol. Chem. 59:835-855.
8. Koppelman, R., S. Mandeles, and M. E. Hanke. 1958. Use of
enzymes and radiocarbon in estimation of the equilibrium
constants for the decarboxylation of lysine and glutamate. J.
Biol. Chem. 230:73-80.
9. Lagerborg, V. A., and W. E. Clapper. 1952. Amino acid
decarboxylases of lactic acid bacteria. J. Bacteriol. 63:393-397.
10. Lolkema, J. S., K. J. Hellingwerf, and W. N. Konings. 1982. The
effect of "probe binding" on the quantitative determination of
the proton-motive force in bacteria. Biochim. Biophys. Acta
681:85-94.
11. Maloney, P. C., V. Anantharam, and M. J. Allison. 1992.
Measurement of the substrate dissociation constant of a solubi-
lized membrane carrier. J. Biol. Chem. 267:10531-10536.
12. Meng, S.-Y., and G. N. Bennett. 1992. Nucleotide sequence of
the Escherichia coli cad operon: a system for neutralization of
low extracellular pH. J. Bacteriol. 174:2659-2669.
13. Meng, S.-Y., and G. N. Bennett. 1992. Regulation of the Esch-
erichia coli cad operon: location of a site required for acid
induction. J. Bacteriol. 174:2670-2678.
14. Molenaar, D., T. Abee, and W. N. Konings. 1991. Continuous
measurement of the cytoplasmic pH in Lactococcus lactis with
a fluorescent pH indicator. Biochim. Biophys. Acta 1115:75-83.
15. Otto, R., R. G. Lageveen, H. Veldkamp, and W. N. Konings.
1982. Lactate efflux-induced electrical potential in membrane
vesicles of Streptococcus cremoris. J. Bacteriol. 149:733-738.
16. Poolman, B. 1990. Precursor/product antiport in bacteria. Mol.
Microbiol. 4:1629-1636.
17. Poolman, B., A. J. M. Driessen, and W. N. Konings. 1987.
Regulation of arginine-ornithine exchange and the arginine
deiminase pathway in Streptococcus lactis. J. Bacteriol. 169:
5597-5604.
18. Poolman, B., D. Molenaar, E. J. Smid, T. Ubbink, T. Abee, P. P.
Renault, and W. N. Konings. 1991. Malolactic fermentation:
electrogenic malate uptake and malate/lactate antiport generate
metabolic energy. J. Bacteriol. 173:6030-6037.
19. Rice, S. L., R. R. Eitenmiller, and P. E. Koehler. 1976. Biolog-
ically active amines in food: a review. J. Milk Food Technol.
39:353-358.
20. Rice, S. L., and P. E. Koehler. 1976. Tyrosine and histidine
decarboxylase activities of Pediococcus cerevisiae and Lacto-
bacillus species and the production of tyramine in fermented
sausages. J. Milk Food Technol. 39:166-169.
21. Rodwell, A. W. 1953. The occurrence and distribution of amino
acid decarboxylases within the genus Lactobacillus. J. Gen.
Microbiol. 8:224-232.
22. Ruan, Z.-S., V. Anantharam, I. T. Crawford, S. V. Ambudkar,
S. Y. Rhee, M. J. Allison, and P. C. Maloney. 1992. Identifica-
tion, purification, and reconstitution of OxlT, the oxalate:
formate antiport protein of Oxalobacter formigenes. J. Biol.
Chem. 267:10537-10543.
23. Shinbo, T., N. Kamo, K. Kurihari, and Y. Kobatake. 1978. A
PVC-based electrode sensitive to DDA' as a device for moni-
toring the membrane potential in biological systems. Arch.
Biochem. Biophys. 187:414-422.
24. Sumner, S. S., M. W. Speckhard, E. B. Somers, and S. L.
Taylor. 1985. Isolation of histamine-producing Lactobacillus
buchneri from Swiss cheese implicated in a food poisoning
outbreak. Appl. Environ. Microbiol. 50:1094-1096.
25. Ten Brink, B., C. Damink, H. M. L. J. Joosten, and J. H. J Huis
in't Veld. 1990. Occurrence and formation of biologically active
amines in foods. Int. J. Food Microbiol. 11:73-84.
26. Verhoogt, H. J. C., H. Smit, T. Abee, M. Gamper, A. J. M.
Driessen, D. Haas, and W. N. Konings. 1992. arcD, the first gene
of the arc operon for anaerobic arginine catabolism in Pseudo-
monas aeruginosa, encodes an arginine-ornithine exchanger. J.
Bacteriol. 174:1568-1573.
27. Viitanen, P., M. J. Newman, D. J. Foster, T. H. Wilson, and
H. R. Kaback. 1986. Methods Enzymol. 125:429-452.
J. BACTERIOL.
